A month-long field observation campaign was conducted, which covered approximately 100 km 2 of the Gobi Desert area on the southeast bank of Bosten Lake during the summer of 2016. The purpose of the study was to examine the physical characteristics of the low atmosphere over land-lake nonuniform underlying surfaces in the Gobi Desert of northwestern China. The results of the statistical analysis showed that, during the observational period, the average daytime surface horizontal thermal gradient reached up to −0.2 ∘ C/km from the lakeshore to southern Gobi Desert area. The near-surface wind field of the 7 km horizontal extent from the lakeshore was dominated by onshore breezes with average peak wind speeds above 5 m/s. In the atmospheric near-surface layer, an isohumidity layer at a height between 10 and 50 m a.g.l. was observed from 11:00 to 18:00 LST. Also, a case study for the atmospheric boundary layer and local circulation analyses was conducted. The onshore breezes were found to play a major role in the vertical structure of the local atmospheric boundary layer. The numerical simulation results indicated that there was an alternating day-night local circulation in the Bosten Lake area.
Introduction
China's Xinjiang Uygur Autonomous Region is located far from the ocean, in the Eurasian hinterland. The Tianshan Mountains, which stretch from west to east, divide Xinjiang into two parts, namely, southern Xinjiang and northern Xinjiang [1, 2] . Due to the blocking effects of the Tianshan Mountains, the precipitation is concentrated in the Tianshan mountainous area and northern Xinjiang. Meanwhile, southern Xinjiang is mainly covered by the arid Gobi Desert [3] [4] [5] . Bosten Lake is located in the southern Xinjiang Yanqi Basin, adjacent to the northeastern edge of the Taklimakan Desert. It is the largest inland fresh-water lake in China and measures approximately 55 km in length from east to west and 20 km in width from south to north. The average waterdepth is 7.5 m [6] . Its abundant fresh-water resources play an important role in the ecological environment, as well as the regional socioeconomic development [7] .
The southern bank of Bosten Lake is located far from any towns and is almost entirely covered by the Gobi Desert. This area has a relatively flat underlying surface, which provided good conditions for the examination of the physical characteristics of the low atmosphere under the influence of lake-land nonuniform underlying surfaces within the Gobi Desert. Significant temperature differences have been observed between the lake (cool) and the land (warm) surfaces during daytime, especially during the summer seasons when calm synoptic conditions often prevail in southern Xinjiang. Since the beginning of this century, atmospheric observations have been carried out in a planned way in this area. However, earlier observational data are relatively sparse.
In addition to direct field observations, numerical simulations are also one of the powerful methods utilized to study atmosphere-land interactions [8] [9] [10] [11] . Mesoscale numerical weather models have been found to effectively simulate the complex thermal-dynamical processes in the atmospheric boundary layer (ABL), which has been successfully applied in the study of regional circulations. Samuelsson and Tjernström used a three-dimensional mesoscale model to show that the main influence factor of the boundary layer flow pattern of Tamnren Lake, which has a water area of only 34 km 2 , was the difference in the surface roughness between the lake and the land [12] . Meanwhile, with the help of a nonhydrostatic mesoscale model, Stivar et al. showed that lake breezes caused by the differences in the lake-land temperatures had significant effects on the local circulation in the Itaipu Lake area [13] . Recently, the state-of-the-art Weather Research and Forecasting (WRF) model was applied to simulate the complex structures of low atmosphere flow fields [14] [15] [16] .
The aim of this study was to discuss the physical characteristics of low atmospheres under the influence of lakeland surface heterogeneity during the summer season in the Gobi Desert of northwestern China. For this purpose, a month-long field observation campaign was conducted which covered approximately 100 km 2 of the Gobi area. Also, the WRF model was used to simulate the diurnal evolution of the breeze circulations over the lake area for a selected case study.
Data and Methods

Study Area and the Meteorological Observational Data.
This study's observational area was approximately 100 km 2 located on the southeast bank of Bosten Lake, which was characterized by an elevation which rose gradually from the lakeshore to the south and flat strip-like terrain from east to west (as shown in Figure 1 ). The average terrain height was approximately 1,100 m a.s.l., and the land surface was covered with sparse Gobi vegetation. The elevated peaks to the south of Bosten Lake were the Kuluketage Mountains, which presented a rather unique condition for the development of breezes. It was observed that the onshore breeze, acting in phase with the slope winds, generated stronger and more persistent flow fields [17] . Numerical experiments also showed that inland elevated terrain tends to significantly strengthen the offshore breeze part of local diurnal circulations, as compared to the case without terrain [18] . The observation campaign spanned from July 15 to August 15, during the summer season of 2016. Precipitation only occurred on August 8 (27 mm) in the study area, which was excluded from the analysis.
The observational instrumentation in the study area mainly included a surface meteorological variable distribution measurement system (SMVDMS), along with a meteorological tower, which were used to measure the horizontal and vertical gradient of meteorological variables in the atmospheric near-surface layer. Also, boundary layer sounding equipment was used in the observations. Figure 1 shows the equipment layout in the study area. The SMVDMS included a total of five surface meteorological stations. These stations provided daily observations of the 2 m temperature, 2 m airpressure, 2 m relative humidity, and 10 m wind. Among these meteorological stations, one set was located at the center of the study area (MS2). The others were located in the north (MS1) and south (MS3), as well as in the east and west, at 6.8 to 7.4 km away from the MS2, respectively. The MS1 was located close to Bosten Lake. During the observational Advances in Meteorology 3 period, the data collection intervals for the temperature, relative humidity, wind direction, and wind speed were all set at 10 s. The meteorological tower was 100 m high, and sensors were mounted at heights of 10 m, 20 m, 35 m, 50 m, 70 m, 80 m, and 100 m above the ground, respectively. Each height was equipped with temperature and humidity sensors, as well as three-dimensional ultrasonic wind sensors. Meanwhile, the air-pressure sensors were only mounted at the 10 and 100 m heights. The temperature, air-pressure, and relative humidity data were stored at 60 s sampling intervals and a three-dimensional velocity of 10 s. Then, one set of permanently installed L-band radiosonde radar and one GPS sounding system (located next to the MS1) were applied in the atmospheric boundary layer soundings for a selected case study. This study's sample height interval of radiosonde was 50 m, while the GPS sounding was continuously stored at one second intervals.
WRF Description and Setup of the Model.
The mesoscale numerical weather prediction (NWP) model which was used in this study was the WRF model version 3.6, with an Advanced Research WRF (ARW) dynamic solver developed primarily at the National Center for Atmospheric Research (NCAR) [19, 20] . The WRF model is a powerful NWP and atmosphere simulation model, and its numerous physics and dynamic packages have been contributed to by a broad scientific community. As a fully compressible and nonhydrostatic model, the WRF allows for high spatial resolution for a particular region, which made it a suitable choice for this study. A numerical simulation experiment was run with four nested domains. Table 1 summarizes the model domain settings. The outmost domain (D1) covered China's Xinjiang Province, Qinghai-Tibet Plateau, and western Mongolia Plateau. Meanwhile, the finest grid domain (D4) covered most of Bosten Lake, along with the entire target area of the present study, as shown in Figure 1 . The same grid number was used for each domain in order to ensure sufficient transition space between the parent and nest domain. Each domain contained 33 vertical stretching levels, with the toplevel set at 100 hPa. There were 17 levels within the height of 1.2 km above the ground, of which the grid points of the first level were located at the height of approximately 17 m.
The WRF physical parameterization schemes used in this simulation included the following: the Yonsei University (YSU) Planetary Boundary layer scheme and the Mesoscale Model-5 (MM5) surface layer scheme. As a nonlocal closure scheme which considered the entrainment, it was found that the YSU displayed good simulation effects on both the daytime convective boundary layer and the nighttime stable boundary layer [21] [22] [23] . A Noah scheme was adopted as the land surface model, in order to provide the surface flux for the YSU, which calculated the soil temperature and moisture in four layers. Other physical schemes included a WRF SingleMoment 3-class (WSM3) scheme for microphysics; a Rapid Radiative Transfer Model (RRTM) for longwave radiation; a Dudhia scheme for shortwave radiation; and a Kain-Fritsch cumulus parameterization scheme. The initial and boundary conditions were provided by 1 ∘ × 1 ∘ NCEP Global Final (FNL) Operational Model Global Tropospheric Analyses (https://rda.ucar.edu/datasets/ds083.2/), which was made available at every 6 h interval. Then, the acquired Advanced Space Borne Thermal Emission and Reflection Radiometer Global Digital Elevation Model (ASTER GDEM) digital elevation data were used as the terrain data, with a resolution of 1 . This study's simulation was cold-started at 00:00 UTC (LST = UTC + 6 h) on August 11, 2016. It continuously ran for thirty-six hours, with a model output interval of nine minutes. The first 12-hour model simulation was for the "spin-up" process, due to the initial relatively coarse-resolution conditions.
Results
Analysis of the Near-Surface Meteorological Variables.
This section details the impact of Bosten Lake on the local climate.
At ground level, the diurnal variation of wind field was apparent. Figure 2 shows the distribution of the wind direction as a function of the time of day in the study area, which was obtained from SMVDMS data. The winds were divided into 16 directions, with intervals of 22.5
∘ . The direction of the surface wind fields showed quite a significant diurnal pattern, in which they were well focused in the north in the midmorning and afternoon (N-NW from 09:00 to 20:00 LST, onshore breezes), while at the night and earlymorning the winds were more diffuse. However, a major part originated from the south (SW-ESE from 22:00 to 07:00 LST). Figure 3 shows the averages of wind speeds, temperatures, and specific humidity as a function of the time of day, which were recorded by the MS1, MS2, and MS3 meteorological stations during the observational period. Figure 3(a) shows that the onshore breezes developed from 09:00 to 16:00 LST, as well as the higher wind speeds associated with the onshore breezes with respect to the nocturnal breezes, with the peak speed reaching approximately 5 m/s. The change curve comparison between the meteorological stations showed that the onshore breeze could potentially dominate the local wind regime by a horizontal extent of more than 7 km from the lakeshore (where the MS2 was located). However, further southwards at the MS3 location, the influence of wind flows in the mountainous area was prominent. Figure 3(b) shows the cold-island effects of Bosten Lake, where the daytime temperatures recorded by the MS1 were found to be obviously lower than those of the MS2 and MS3. Also, the average horizontal thermal gradient reached up to −0.2 ∘ C/km in the north-south direction, which was favorable for triggering onshore breezes. However, the nocturnal temperature changes of the MS1, MS2, and MS3 were determined to be almost the same, which indicated that radiation cooling played a dominant role in the nighttime Gobi Desert.
As viewed from the contrast in the specific humidity change curves detailed in Figure 3(c) , the existence of Bosten Lake obviously altered the distribution and diurnal changes in the moisture above the Gobi Desert's lakeshore area. Due to the continuously transportation of water vapor by the onshore breezes, the surface moisture close to the lakeshore increased after sunrise until approximately 16:00 LST (note: at the same time, the moisture level dropped in the southern Gobi Desert), and a positive horizontal humidity gradient existed from north to south. Figure 4 shows the average specific humidity at different heights as a function of the time of day, which were recorded by the meteorological tower. In order to show the structure details more clearly, vertical profiles of the average specific humidity at different times from Figure 4 are presented in Figure 5 . It can be seen from Figures 4 and 5 that the atmospheric near-surface layer appeared to have inverse humidity between 11:00 and 18:00 LST. During that time, an isohumidity layer between 10 m and 50 m a.g.l. was observed. Figure 6 (a) shows that the wind speed vertical gradient of the onshore breezes was smaller than that of the nocturnal breezes. The minimum value appeared at approximately 09:00 LST, which was a result of the breeze transition and atmospheric turbulence mixing. Equation (1) 
In (1), represents the gravitational acceleration; Θ 20 represents the potential temperature at the height of 20 m; Θ 10 represents the potential temperature at the height of 10 m;
20 represents the wind speed at the height of 20 m; and 10 represents the wind speed at the height of 10 m. After averaging the calculation results, the mean diurnal change status of Ri was determined, as shown in Figure 7 .
By comparing of Figures 6(b) and 7, it could be seen that the atmospheric turbulence over the Gobi Desert was mainly driven by thermal forcing. Due to the strong turbulent mixing during the transition period from the offshore to the onshore breezes, the minimum vertical gradient of the wind speed was found to occur in the midmorning in the study area.
A Case Study.
In this study, August 12 was chosen as a case study for the atmospheric boundary layer and local circulation analyses, due to the absence of any major synoptic forcing following the precipitation on August 8. Figure 8 shows the wind profile with a height of less than 2 km from the ground, while Figure 9 presents the potential temperature and specific humidity profiles with a height less Figure 8 : Profiles of (a) the wind speed and (b) the wind direction, which were derived from the measurements of the GPS sonde (black dot) and radiosonde (red dot) at 12:00 LST on August 12th. than 5 km from the ground, at 12:00 on August 12. The GPS sonde and radiosonde were recorded at the lakeshore and southern Gobi Desert, respectively. It can be seen from Figure 8 that the boundary layer wind field was obviously affected by onshore breezes in study area. For example, the large-scale flow accounted for southwesterly winds (from 200 ∘ to 270 ∘ ) with heights between 1 and 2 km, while the wind direction changed from southwest to northwest at approximately 650 m at the lakeshore. As the onshore breezes penetrated further inland, the breeze impacting heights were observed to rise. When reaching the location of the radiosonde radar, the wind direction changing height was determined to be approaching approximately 1.1 km.
GPS sonde Radiosonde
The height of the ABL is also a fundamental parameter to characterize the structure of the lower troposphere. Under convective conditions, the ABL height is often identified with the base of an elevated inversion or stable layer or as the height of a significant reduction in air moisture [24] . The thetaincrease method was often applied for the determination of the ABL height [25] [26] [27] . It can be seen from Figure 9 that a perfectly mixed ABL existed at the location of the radiosonde radar and the depth of the convective boundary layer was about 2 km. During the observation campaign, the midday ABL at the location of the radiosonde radar could exceed 3 km or even higher (measurements are not shown), which was a result of vigorous turbulent mixing in the Gobi Desert [28] . However, due to the cold-lake effect of Bosten Lake, the lakeshore atmospheric turbulent mixing was inhibited. In this sounding, the moisture transition layer is not clear at the lakeshore and the base of the stable layer, where potential temperature begins increasing significantly, extended nearly to the ground. In addition, the lakeshore humidity layer was observed to be obviously higher than that of the southern Gobi area, which can potentially reach to approximately 6 km.
The outputs of the high resolution WRF simulation were used for distinguishing the breeze circulation around Bosten Lake. Figure 10 shows the horizontal distribution of the wind flow and the divergence at the height of 10 m over the inner domain for the midnight and midday wind flows. Figure 11 presents the wind field vertical cross-section with altitudes less than 3 km, where the profile was drawn along 87 ∘ 19 E. In Figure 11 , the vertical velocity of the airflow is multiplied by a weighting factor of 2, in order to show the vertical structure of the breeze circulations more significantly.
It was determined in this study that two figures clearly indicated the diurnal evolution of the atmospheric circulation in Bosten Lake area. Under the influence of the nighttime mountain-valley winds from the surrounding mountain slopes, the near-surface airflow diverted to Bosten Lake, and a convergence front was formed at the lake's surface (Figure 10(a) ). Then, the airflow was forced to rise, and a small circulation cell could be identified (Figure 11(a) ).
It was observed that the airflow field at the surface shifted to an almost opposite direction at noon under the control of more intense and higher onshore breezes. Meanwhile, the lake's surface was transitioned to a divergence center ( Figures   10(b)-10(d) ). With the prominent upward motion of the air flow along the ridge line of the Kuruketage Mountains in the south, the lake's surface was under the influence of a subsidence flow. At 10:00 LST, the heights of the onshore breezes were less than 300 m, with no obvious atmospheric circulation. However, two hours later, the onshore breezes in the southern Gobi area extended up to approximately 600 m in height, until 14:00 LST, the onshore breeze intensity was further strengthened to form a larger circulation cell than those during the nighttime (Figures 11(b)-11(d) ). It is worth noting that the atmospheric movements of the circulation cells shown in Figure 11 are all clockwise, which indicated a relationship with the synoptic winds. Moreover, the Kuruketage Mountains elongate in the direction perpendicular to the breeze, which effectively blocked the low-level large-scale flows from passing around Bosten Lake, thereby creating a favorable condition for the diurnal evolution of the local breeze circulations.
Conclusions
In this study, the physical characteristics of low atmosphere in the Gobi area adjacent to Bosten Lake during the summer season of 2016 were examined. For this purpose, a monthlong field observation campaign was conducted which covered approximately 100 km 2 of the Gobi Desert. Also, the WRF model was used to simulate the diurnal evolution of the breeze circulations over the lake area for a specific case study. The main purpose of the present study was to discuss and analyze the influences of large lakes on the local climate in the arid Gobi Desert of northwestern China.
The analysis of the data was mainly focused on dynamic and thermal characteristics of the lower atmosphere. The surface meteorological variables were measured using five meteorological stations. An analysis of the surface wind direction distribution as a function of the time of day revealed the daily patterns of the local wind regime. Then, a comparison of the wind speeds, temperatures, and specific humidity revealed the intensity and travelling extent of the onshore breezes, as well as the cold-lake effects of Bosten Lake. This study's analysis of the meteorological tower measurements showed the diurnal evolution of stratification and turbulent activities in the atmospheric near-surface layer. A comparison of the lakeshore sounding and Gobi Desert sounding revealed the impact of Bosten Lake on the boundary layer structure. This study focused on the diurnal evolution of the local atmospheric circulations using the WRF model for the dynamical downscaling of the NCEP reanalysis data to 1 km. Then, the low-level airflow fields around Bosten Lake were effectively distinguished.
The conclusions of this study are summarized as follows:
(1) Due to cold-lake effects of Bosten Lake during the daytime, a strong thermal gradient at the surface of study area was observed, which favored the triggering of onshore breezes. The daytime turbulent activities at the lakeshore were also inhibited, and a nonperfectly mixed ABL existed.
(2) The onshore breezes dominated the local surface wind regime by a horizontal extent of more than 7 km from the lakeshore, with a peak average wind speed reaching approximately 5 m/s. The vertical gradient of the near-surface wind speed was influenced not only by the atmospheric turbulence mixing but also by the transition between the nocturnal and onshore breezes. The onshore breezes were also found to play a major role in the vertical structure of the local atmospheric boundary layer.
(3) Due to the continuous daytime advection of water vapor, a positive horizontal humidity gradient existed from the lakeshore to the southern Gobi Desert. Also, an isohumidity layer at heights between 10 and 50 m a.g.l. was observed in the atmospheric near-surface layer from 11:00 to 18:00 LST. In addition, the lakeshore's humidity layer was significantly higher than that of the southern Gobi Desert.
(4) The numerical simulation showed that a day-night alternating local atmospheric circulation existed in the Bosten Lake area. During the nighttime, the ground flow field diverted to Bosten Lake, and a convergence front was formed on the lake's surface. At midday, under the control of strong onshore breezes, the lake's surface transitioned into a divergence center, accompanied by a subsidence flow. The intensity and height of the midday breeze circulations were more prominent than those of the nighttime. In addition, the regional topography provided favorable conditions for the diurnal evolution of the local breeze circulations.
The results of this study showed that, during summer periods in the arid Gobi Desert areas of northwestern China, the existence of large lakes significantly altered the physical characteristics of the local lower atmosphere. Therefore, it was confirmed that these lakes play a positive role in the local climate. The next step will be completely further research during other seasons.
